The objective of this paper is to investigate the dynamic characteristics of two adjacent building structures interconnected by viscoelastic dampers under seismic excitations. The computational procedure for an analytical model including the system model formulation, complex modal analysis and seismic time history analysis is presented for this purpose. A numerical example is also provided to illustrate the analytical model. The complex modal analysis is conducted to determine the optimal damping ratio, the optimal damper stiffness and the optimal damper damping of the viscoelastic dampers for each mode of the system. For the damper stiffness and damping with optimal values, the responses can be categorized into underdamped and critically damped vibrations. Furthermore, compared to the viscous dampers with only the energy dissipation mechanism, the viscoelastic dampers with both the energy dissipation and redistribution mechanisms are more effective for increasing the damping ratio of the system. The seismic time history analysis is conducted to assess the effectiveness of the viscoelastic dampers for vibration control. Based on the optimal damping ratio, the optimal damper stiffness, the optimal damper damping of the viscoelastic dampers for a certain mode of the system, and the viscoelastic dampers can be used to effectively suppress the root-mean-square responses as well as the peak responses of the two adjacent buildings.
Introduction
The impact of closely neighboring building structures during earthquakes has become a problem in modern cities. A variety of damping devices, such as viscous dampers [1] [2] [3] [4] , friction dampers [5] [6] [7] , hysteretic dampers [8] [9] [10] [11] and viscoelastic dampers [12] [13] [14] [15] [16] [17] , interconnecting adjacent buildings have been widely studied to prevent the pounding for engineering applications. Among these types of damping devices, the viscoelastic dampers can be used to dissipate energy at all deformation levels. Consequently, they have advantages in seismic protection during various sizes of earthquakes [18] . Since the dynamic properties of viscoelastic dampers between adjacent structures are complex, it is necessary to fully understand the mechanism of the system, which provides the essential information to accurately calculate the vibrations of the adjacent structures under seismic excitations as well as to reasonably assess the effectiveness of the viscoelastic dampers for vibration control.
The objective of this paper is to investigate the dynamic characteristics of two adjacent building structures interconnected by viscoelastic dampers under seismic excitations. The computational procedure for an analytical model is presented for this purpose. A numerical example is also provided to illustrate the analytical model.
Analytical Model
The computational procedure for an analytical model, including the system model formulation, complex modal analysis and seismic time history analysis, is presented in Fig. 1 , which will be discussed in this section.
The system model formulation is the basis of both the complex modal analysis and seismic time history 
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The seismic excitation of the left building is assumed to be identical to that of the right building, which can be simulated by the horizontal displacement (acceleration) time history of the ground motion
  [19] . Based on the above mentioned parameters, one can derive the equations of motion for the two adjacent building structures interconnected by viscoelastic dampers under seismic excitations [12, 13] . The complex modal analysis is conducted for the optimization of the parameters, placement and number of viscoelastic dampers. Under the condition that both the damper placement and number have been decided, the determination of the optimal damper parameters is emphasized in this study. The optimal damper placement and number can also be estimated by the same method. For this purpose, the analytical model including viscoelastic dampers in certain locations of two adjacent buildings is taken as an example to illustrate the computational procedure. Based on the complex eigenvalue equations derived from the equations of motion, the natural frequency nj f , damped frequency dj f , damping ratio j ζ and mode shape j φ for the jth mode (j = 1, 2,…, N) of the system can be calculated using the complex modal analysis [20] . By varying both the damper stiffness and damping with the other parameters of the analytical model constant, the plot of damping ratio versus damper stiffness and damping for each mode of the system can be obtained. Under the objective function to maximize the modal damping ratio, the maximum applicate and the corresponding abscissa and ordinate of the mentioned plot can be individually determined to be the optimal damping ratio, the optimal damper stiffness and the optimal damper damping of the viscoelastic dampers for each mode of the system. The seismic time history analysis is conducted to assess the effectiveness of viscoelastic dampers for vibration control. Based on the optimal parameters of the viscoelastic dampers obtained by the complex modal analysis,
, and the corresponding root-mean-square and peak values for two types of systems: with and without dampers, can be calculated according to the equations of motion for these systems under seismic excitations [19] . The effectiveness of the viscoelastic dampers can be assessed by comparing the response reduction rates between the mentioned two types of systems.
Numerical Example
A numerical example is provided to illustrate the computational procedure for the analytical model presented in Section 2. For this purpose, the system including a viscoelastic damper between each floor of each of the two five-story adjacent buildings with a total of ten degrees of freedom (N = 10, L = 5) under seismic excitations is developed with a modification of the previous literature [21] . Table 1 lists the mass M i , stiffness K i and damping C i (i = 1, 2,…, 10) for each degree of freedom of the two adjacent buildings. C i (i = 1, 2,…, 10) is set to zero due to the fact that the damping ratio for each mode of the system is contributed entirely from the viscoelastic dampers and the contribution from the two adjacent buildings can be neglected. Under these conditions, one can accurately evaluate the effectiveness of the viscoelastic dampers. The viscoelastic dampers at each floor are assumed to have identical parameters, i.e., the stiffness shows the earthquake accelerogram based on white noise excitations, which is selected as the horizontal acceleration time history of the ground motion The complex modal analysis is conducted to determine the optimal damping ratio, the optimal damper stiffness and the optimal damper damping of the viscoelastic dampers for each mode of the system, and the results are shown in both Fig. 4 Tables 3 and 4, respectively. It is revealed that the response reduction rate of the root-mean-square value and that of the peak value in the left building are individually greater than 58% and 50%, while the ones in the right building are greater than 40% and 41%, respectively. Consequently, the viscoelastic dampers can be used to effectively suppress the root-mean-square responses as well as the peak responses of the two adjacent buildings.
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Conclusions
The objective of this paper is to investigate the dynamic characteristics of two adjacent building structures interconnected by viscoelastic dampers under seismic excitations. The computational procedure for an analytical model including the system model formulation, complex modal analysis and seismic time history analysis is presented for this purpose. A numerical example is also provided to illustrate the analytical model.
The complex modal analysis is conducted to determine the optimal damping ratio, the optimal damper stiffness and the optimal damper damping of the viscoelastic dampers for each mode of the system. For the damper stiffness and damping with optimal values, the responses can be categorized into underdamped and critically damped vibrations. For each of the modes dominated by the underdamped vibration, the modal damping ratio is lower than unity. While for each of the modes dominated by the critically damped vibration, the modal damping ratio approaches unity. Furthermore, compared to the viscous dampers with only the energy dissipation mechanism, the viscoelastic dampers with both the energy dissipation and redistribution mechanisms are more effective for increasing the damping ratio of the system.
The seismic time history analysis is conducted to assess the effectiveness of the viscoelastic dampers for vibration control. Based on the optimal damping ratio, the optimal damper stiffness, the optimal damper damping of the viscoelastic dampers for a certain mode of the system, and the viscoelastic dampers can be used to effectively suppress the root-mean-square responses as well as the peak responses of the two adjacent buildings.
